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ABSTRACT
Searching for a method to use scrap tires in an environmentally friendly and
economically feasible manner has been merged with looking for an economically viable
method for extraction of toxic organics from groundwater, as an alternate to activated carbon
adsorption and airstripping. Specifically, the work presented in this thesis investigates the
viability of using crumb rubber in a fixed bed sorption process to remove o-xylene from
groundwater.
Batch equilibrium tests were conducted using rubber particulates obtained from two
different sources. The adsorption isotherms that were generated from these tests were used
along with several isotherms obtained from the literature in order to investigate the effects of
equilibration time, particle size and surface treatment with reactive gases on the sorption
capability of crumb rubber. In addition, batch equilibrium tests were conducted on granulated
activated carbon in order to determine the cost effectiveness of crumb rubber as an alternate to
activated carbon in groundwater treatment. Based on adsorption capacity, activated carbon
was determined to be approximately 3 to 7 times as cost effective as crumb rubber without
taking into account recharging and disposal costs ofthe sorbent.
Dynamic column tests were performed on one type of crumb rubber. One of the five
tests conducted reached breakthrough, enabling the computation of the sorption capacity at
saturation. This value was in good agreement with the predicted value from the batch
isotherms. The computed sorption capacity at breakthrough was a smaller percentage of the
I
equilibrium capacity than expected. Factors such as channeling, high concentration, and short
contact time in the column test are attributed as the cause ofthis difference.
Based on the the findings of this thesis, crumb rubber may be a viable and feasible
source of sorbent to remove or control the migration of volatile organic compounds, such as
xylene in contaminated groundwater.
IV
CHAPTERl
INTRODUCTION
2
The organic contaminan~ of concern·in groundwater are mostly chlorinated aliphatic
and aromatic solvents, commonly referred to as Volatile Organic Compounds (VOCs). These
compounds do not have a strong affinity for soil, thus they are transported into underground
aquifers quickly. Compounds such as benzene, toluene, ethylbenzene, and xylenes (BTEX) are
relatively soluble in water which increases the difficUlty to clean BTEX contaminated
groundwater. Sources for these contaminants include underground storage tank leaks, such as
a neighborhood gasoline station, pipeline leaks, and landfill leachate that is not properly
contained and treated.
Methylene chloride, trichloroethylene, toluene, and xylene are the most frequently
detected organic compounds at landfill disposal sites, thus making them likely compounds
contaminating nearby groundwater(Gibbons, et al., 1992). One source quotes typical VOC
concentrations in landfillieachates to be approximately 55 mg/L(Edil, et al., 1994).
Considering the situations described above, there is a strong need to first:
1) Utilize scrap tires in an environmentally sound and feasible manner;
2) To explore economical methods to extract soluble concentrations of
VOCs from groundwater.
In this thesis, the two objectives above were merged in the investigation ofthe sorption
ofa volatile organic compoun?, o-xylene, by a crumb rubber bed.
3
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1.2 OBJECTIVES OF STUDY
The specific objectives ofthis research were the following:
1. To develop an effective column test setup with appropriate experimental design
parameters such as flowrate, bed volume, and influent contaminant
concentrations which will minimizes contaminant loss due to volatilization and
simulate actual field conditions closely.
2. To obtain experimentally sorption isothenns from batch tests using the
following three different solid media from which sorption capacities for 0-
xylene can be determined and compared:
a.) Crumb Rubber Type I (source: Baker Rubber, Inc., Chambersburg,
Pennsylvania)
b.) Crumb Rubber Type II (source: Composite Particles, Inc., Allentown,
Pennsylvania)
c.) Granulated Activated Carbon (source: Calgon Corp., Pittsburgh,
Pennsylvania)
3. To determine the effect of the following parameters on sorption capacity of
crumb rubber:
a.)
b.)
c.)
Particle Size
Equilibration Time
Surface Treatment ofCrumb Rubber
4. To obtain a column test breakthrough curve using Type I Crumb Rubber in
order to determine how well sorption capacity values obtained from batch tests
can be used to predict actual sorption capacity realized in a fixed bed treatment
process.
5. To compare Crumb Rubber (CR) to Granulated Activated Carbon (GAC) to
determine the cost effectiveness ofCR
4
CHAPTER 2
BACKGROUND
2.1 SORPTION
Sorption is a t~ which includes two separate processes, adsorption and absorption.
In the case of a solid and a liquid, adsorption is a process in which liquid molecules become
attached to the surface of a solid in order to balance the unequal forces acting on the solid's
surface molecules. These attractive forces are the same as those responsible for surface tension
and condensation in liquids: In chemical terminology, the principle that "like" dissolves "like",
which applies to liquid phase solutions as well as absorption, may also be applied to adsorption.
Ifthere is a chemical reaction also happening between the surface and adsorbed molecules, the
adsorption process tends to be irreversible. A large surface area is the prime factor for
maximum adsorption. Pore volume is also very important in adsorption. A material with high
surface area but a small pore volume may have a high rate of adsorption, however the overall
capacity will be poor. Physical adsorption is further enhanced by the hydrophobic nature ofthe
contaminants. Chlorinated aliphatic solvents, such as trichloroethylene, and aromatic solvents,
such as toluene and xylene, are highly adsorbable due to their low solubility in water.
In the case ofabsorption, the liquid molecules are actually dissolved into the interior of
the solid. The permeability of an organic material into a polymeric material depends on the
solubility and diffusion rate of the organic molecules in the polyn{er. Both of these parameters
tend to be high for like or similar materials. High permeability of the sorbatelsorbent
combination appears to be one of the major factors for maximum absorption. Using scrap tire
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product as a sorbent for o-xylene and other aromatic solvents seems to involve both adsorption
and absorption.
Recently, sorption/desorption tests performed by Park, et al. (1993) indicated that after
the desorption phase, most of the organic compounds sorbed remained in the solid phase.
According to their study, approximately 5.5% of the organics were desorbed. This data seems
•
to indicate that unless the adsorption was irreversible, which is not likely since these
compounds are nonpolar and relatively inert, both types of sorption are involved. Also, it may
very well be that absorption is the more significant component ofthe process.
The adsorption isotherm is detennined from a batch test designed to determine the
equilibrium relationship between the organic compounds in the liquid phase in the water and
those in the solid phase adsorbed onto the surface ofthe solid media. Results ofan adsorption
isotherm, specifically the adsorbent dosages and associated residual equilibrium concentrations,
are utilized for calculating the adsorptive capacities of the solid media for the contaminant
studied. The following equation is used:
where, Q = Adsorption Capacity ofAdsorbent for Contaminant (mg/gm)
Co = Initial Contaminant Concentration (mg/L)
Cf = Equilibrium Concentration (mg/L)
V = Volume ofthe Isotherm Sample (L)
M = Mass ofAdsorbent (g)
[I]
When adsorption capacity is plotted as a function of equilibrium concentration, the curve can
be fit to a mathematical model known as the Freundlich equation:
Q = kC1/n [2]
where, C = Equilibrium Concentration ofUnadsorbed Contaminant in Solution (mg/L)
Q= Amount ofContaminant Adsorbed Per Unit Weight ofSolid Media (mg/g)
k, n = Empirical Constants
6
Taking the log ofboth sides ofthe equation will yield the equation ofa straight line:
log (QJ = log k + (J/n)log C [3]
The isothenn data values were fit to a straight line by the least-squares method. In Equation
[3], k is a constant related to the adsorbability ofthe contaminant, and 1/n is the slope related to
the sensitivity to concentration. The term 1/n is also related to adsorbability. When 1/n is
greater than 1, the isotherm is labelled unfavorable to adsorption and when 1/n is less than 1,
the opposite is true.
An isothenn will provide infonnation regarding the following: 1) adsorbability of the
compounds to determine whether further evaluation is warranted, 2) the equilibrium capacity
to provide a basis for preliminary estimate of adsorbent usage, and 3) changes in adsorption
capacity with changes in concentration.
Column tests are perfonned to obtain infonnation on the percent of equilibrium
capacity that can be attained in a fixed bed sorption process. The Empty Bed Contact Time
(BBCT) which is determined by the flow rate and the bed volume is an important factor in
sorption efficiency and must be optimized through repeated column runs. Breakthrough is
defined as the point where an unacceptable concentration of contaminant is present in the
column efiluent. Breakthrough concentrations for a sorption system vary depending on the
cleanup criteria required.
The method for detennining sorption capacity attainable at breakthrough in a column
test is based on mass balance calculations. When the efiluent concentration is constant, as in the
case where breakthrough has not yet occurred, the following equation is used:
7
/where, q = Adsorption Capacity ofAdsorbent for Contaminant (mg/g)
C]= Influent Concentration (mg/L)
CE= Effiuent Concentration (mg/L)
V= Volume ofContaminated Solution Treated (L)
M = Mass ofAdsorbent in Bed (mg/g)
[4]
When the efiluent concentration is not constant, as in the case when a breakthrough curve is
eluting from the column, an integrationofthe area below the influent concentration and above
the efiluent concentration curve must be perfonned to determine mass of contaminant sorbed
and consequently, the sorption capacity."
Isothenns can provide infonnation about the efiluent history during a column run.
(
Favorable and linear isotherms tend to have sharp breakthrough curves which are desirable for
maximum utilization of sorbent. Their Freundlich curves have a I/n value less than one.
Unfavorable isothenns, on the other hand, tend to result in more gradual or early
breakthroughs, which employ a low percentage of the equilibrium capacity available. The
Freundlich curves for these isothenns have a I/n value greater than one. Freundlich curves with
I/n values equal to one are generated from linear isothenns and tend to have sharper
breakthroughs.
1.2 PRESENT METHODS FOR BTX CLEANUP
2.2.1 AC Adsorption
For the type of organic compounds prevalent in contaminated groundwaters,
specifically, chlorinated aliphatic and aromatic solvents, adsorption with Granulated Activated
Carbon (GAC) has proven to be one of the most effective treatments (Stenzel, 1993). In fact,
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. the 1986 Amendments to the Safe drinking Water Act have established GAC as the benchmark
technology for removing these types oforganic contaminants.
Activated Carbon is manufactured from natural carbon sources such as coal, coconut
shells, wood, and lignite. Bituminous-based carbon has the highest density, thus the largest
number of small pores per unit volume available·for adsorption, and the greatest attraction for
the contaminants of concern. Resulting surface areas for GAC from this source are in the
range oflOOO - 1400 m2/g.
The downflow, fixed-bed adsorber is the simplest and most iwidely utilized design for
groundwater treatment applications. Water enters the top of the adsorber and is equally
.distributed across the GAC by the packed, flooded-bed design, and is. collected across the bed
cross-section at the bottom ofthe vessel. The water can either be fed by gravity or pressure. An
advantage ofthe pressure adsorber system is that the water does not need to be repurnped after
treatment. In groundwater treatment, this is a benefit since the treatment system is usually
placed between the well pump and any downstream process or distribution system, and will
operate with the well in an on-offmode (Stenzel and Merz, 1989).
The removal of the spent carbon and resupply with fresh carbon is often the most
critical prameter ofthe adsorption system operation. Carbon exchange may be the predominant
component of the operating cost. Spent carbon may be landfilled or incinerated, however it is
usually regenerated. The reactivation process drives off the volatile compounds from the
carbon surface and pyrolyzes and decomposes them. Thermal reactivation involves heating the
spent carbon up to 1800 0 F in a controlled atmosphere in a furnace or rotary kiln (Stenzel,
1993).
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A water treatment step that may precede GAC adsorption is air stripping in which
most of the volatile contaminants will be removed. This greatly reduces the GAC usage rate
needed to reduce the residual VOC contaminant level to nondetectable levels.
GAC adsorption can be Used to remove VOCs from air· as well as water sources. It
may be more economical to remove the VOCs by air stripping them from the water, followed
by off gas treatment with GAC. This adsorbent has an even higher adsorption capacity for
vapor phase organic contaminants than for identical contaminants in the liquid phase. Off gas
treatment to remove these contaminants before release· to the atmosphere has become
necessary to comply with recent ammendments to the Clean Air Act.
2.2.2 Air Stripping
Air stripping, also known as aeration, is the transfer of a substance from the liquid
CO phase to the gas phase (Atlains and Clark, 1991). The concentration of contaminants in the
influent air is far below equilibrium, providing a driving force for transfer ofcontaminants from
water to air. The equilibrium concentration of a solute in air is directly proportional to to the
equilibrium concentration of a solute in water according to Henry's law. The proportionality
constant, known as Henry's constant, gives an indication of the relative ease of removing
volatiles from water with air. A high Henry's constant indicates an equilibrium favoring the
gaseous phase.
As mentioned in the previous section, air stripping may be used in conjunction with
-
GAC adsorption to reduce VOC contaminants to below detection levels or it may be used
alone. However, with the promulgation of the Clean Air Act ammendments, off gas treatment
Co>
with its associated costs, has become a necessary part ofthe air stripping process.
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The expenses associated with air-stripping include downtime for cleaning and disposal
of cleaning chemicals used for controlling scaling and fouling, as well as repumping the
effluent. Influent concentration and contaminant mix variation, as well as the effect of non-
/
volatile contaminants may result in the air stripper not reaching its treatment objectives resulting
in costly design changes or additional treatment.
2.2.3 Bioremediation
Bioremediation is the treatment of soils and groundwater contaminated with toxic
organics by stimulating the native microbial population. This process relies on mdigenous
bacteria which use the contaminants as a source of energy and convert them chemically to
carbon dioxide and water. The most common applications of bioremediation involve cleanups
ofsites containing fuel contamination, thus making volatile aromatic hydrocarbons the primary
contaminants of concern. Passive bioremediation can take longer than acceptable.
Modifications to this process to enhance biotransformation include oxygen addition, addition of
acclimated microorganisms, and land surface applications. In this case, large amounts of
contaminated groundwater is pum~ed to the surface, then trickled through relatively well-
drained soils. This application can treat large amounts of groundwater with low levels of
/
BTEX contamination. However, there can be public opposition to this type of treatment
process (Waterloo Centre for Groundwater Research, 1994).
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2.3 CRUMB RUBBER
2.3.1 Physical and Chemical Properties
In order to recycle scrap tire rubber, both from the standpoints of processing the material, as
well as finding applications, a general knowledge ofthe rubber composition is necessary. It is a
complex system of components, which can be divided into the following categories. The
elastomers, which are the main components of all rubber compounds, mainly consist of
styrene-butadiene rubber, a synthetic rubber, as well as natural rubber, synthetic polyisoprene
and polybutadiene. Fillers, such as carbon black, strengthen the rubber and aid abrasion
resistance. Sulfur is one type of a vulcanization agent used to crosslink the polymer chains
within the rubber to give the rubber structural integrity and prevent excessive· defonnation at
elevated temperatures. The accelerator is usually an organo-Sl,llfur compound which increases
the rate of vulcanization. Accelerator activators, such as zinc oxide and stearic acid fonn
chemical complexes with accelerators and enhance their activity. Softeners such as extender
oils, parrafinic and .aromatic oils, can be added to aid processmg, or promote greater
elasticity(Holland, et al., 1993).
Vulcanization provides various amounts of crossIinking between the rubber polymers.
Crosslinking rigidly bonds adjacent polymeric chains yet allows elastic slippage at distal points
from the cross linkages. Complementing the vulcanization cross linking, the use of carbon
black filler prevents distal point elastic slippage. Carbon black filler increases the temperature at
which the rubber burns. Typically, a burn temperature in the range of 1500°-2000° can be
obtained. Depending on the incineration temperature required for complete decomposition of
the organic waste, the amount of carbon filler can be very important. Crosslinking and
optionally carbon black fillers provide the tensile strength and stifihess required for chipping
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and grinding the tires. The crosslinking and fillers allows the rubber to maintain its structural
integrity when contacting the liquid benzene, toluene, ethylbenzene, xylene (BTEX)
compounds instead of softening, fusing or dissolving. The rubber particles tend to swell
isotropically when absorbing even large amounts oforganic waste (Snyder, 1988).
2.3 .2 Non-Treatment Applications and Processing
Recycling ground rubber has both economic advantages as well as the ability to
enhance the physical and/or chemical properties of other materials. Applications which use
ground rubber are plastics, friction materials in brake pads, mats, playground surfaces, golf
courses, athletic fields and other high traffic turf areas, rubber modified asphalt and tires. The
1991 Intermodal Surface Transportation Efficiency Act requires that 5% of federally financed
asphalt laid in a state must contain recycled rubber, rising to 20% in 1997. Using crumb rubber r-~
as a method for tire rubber disposal and recycling embraces one of the higher value uses, with
reuse of tires as retreads being the highest. Following crumb rubber utilization in decreasing
end value is pyrolysis of rubber for other uses, incineration, and landfilling (Holland, 1992).
Goodyear Tire and Rubber Corporation is working to develop the use oftires in cement kilns.
Tires have a higher heating value than coal and they leave no residue. It is estimated that in
1993,80 million tires were used as fuel nationwide, and by 1997, that number could reach 250
million.
Another application for ground rubber involves changing its surface chemistry with
reactive gases enabling it to be combined with other polymers. Composite Particles, Inc., in
Allentown, Pa. , produces surface modified crumb rubber, a raw material for shoe soles,
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molded epoxy coatings, polyurethane tires for wheelchairs, bicycles, urethane rollers,_ and
polyurethane industrial wheels to name a few.
The scrap tires are chopped to about 1/4" by 1/4" square particles and then ground
either cryogenically or on a cracker mill until the particles can p~'through a No. 40 mesh
screen. Grinding can be done in any conve~tional manner, such as between heavy steel rolls
where the roll speed and clearance between rolls will determine the size of the ground rubber
(Snyder, 1988).
2.3.3 Crumb Rubber as an Effective Adsorbent ofToxic Organics
From a physico-chemical standpoint, vulcanized rubber is a true liquid and has the capacity to
dissolve large quantities of other c.?mpatible liquids or gases. Following are the chemical
structures for styrene-butadiene rubber and o-xylene. The aromatic ring (CJ1n) in the rubber
makes it more compatible with aromatic compounds like o-xylene than other straight chain or
aliphatic rubber compounds.
[(-CHTCH + CH-CHT)x(CHTCH-h]n
I
CJIs
Styrene-Butadiene Rubber
O-xylene
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[5]
[6]
A visual confinnation of this theory can be seen when rubber particles are immersed in
gasoline. They have been shown to swell 2.5 times oftheir original volume (Baykal, et al.).
Research performed by Park and Jhung (1993) investigated the use ofcrumb
rubber as a medium in air stripping processes for removal ofVOC's from the off-gas in
wastewater treatment plants. From their research, they proposed installing a ground tire
layer above aeration basins, grit chambers or channels with a simple supporting structure,
without the need to cover the entire tank area. The Empty Bed Contact Times (EBCTs) in
the ground tire layer ranged from 0.25 to 2 minutes. The relationship between partition
coefficient versus octanol-water partition coefficient ofground tires agreed well. Ground
tires seemed to have slightly greater sorption capacity than tire chips, presumably since tire
chips contain fabric and steel wires which offer no sorption capacity for the VOCs.
Two patents owned by Snyder (1988,1988) involve using recycled tire rubber as
an absorbent of toxic organics. In the first, the invention relates to a method of
substantially reducing the accumulation of combustible VOC vapors in a storage container
such as the hold of an oil tanker by placing scrap tire product in contact with the vapors as
an absorbing medium. In his other application, he patented a method for disposal of toxic
organic wastes, liquid or solid, using scrap tire particulates. A long list ofhalogenated
hydrocarbons can be absorbed by the rubber to form a stable product that can be safely
transported and incinerated.
Another application using scrap tires in contaminant removal was also studied by
Park and co-workers (park, et al., 1993). The research examined the feasibility ofusing
shredded tires for removal oforganic compounds from landfill leachate. It was concluded
that a tire chip layer as the primary leachate collection system will sorb significant levels
15
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oforganic compounds, thereby reducing the organics in the leachate. It was further
concluded that a tire chip layer could be installed as a filter layer in a landfill cover system
to prevent volatile organic compounds such as trichloroethylene and vinyl chloride from ,
escaping into the atmosphere.
2J.4 Leachability Studies
Various studies were performed to investigate scrap tires potential leachability into the
environment. One study, where EPA's Toxicity Characteristics Leaching Procedure (TCLP)
was used on various types of scrap tires, which were processed differently, yielded the
following results. Carbon disulfide was detected in the leachate at levels below 0.067 mgIL.
Toluene was detected at levels between 0.007 and 0.19 mgIL. Phenol was found in the
leachate at levels below 0.046 mgIL. Trace levels of barium, chromium, lead, and mercury
were also detected. All these results were below the EPA's regulatory levels ( House of
Representatives, 1990). In another study performed by the Wisconsin Department of Natural
Resources (Grefe, 1989), leachate was analyzed for a host of metals and base/neutral priority
pollutants. EP-toxicity test results for barium, cadmium, chromium, lead, and mercury were all
below the detection limits. No basel neutral priority pollutants were detected as well. Zinc, lead,
iron, and manganese were detected at levels less than 0.63, 0.015, 0.23, and OJ mgIL,
respectively. Based on both of these studies, the potential leaching of toxic pollutants from
scrap tires was found to be minimal.
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2.4 Q-XYLENE - THE CONTAMINANT OF CHOICE
Xylene has a higher octanol-water partition coefficient and lower solubility than any of
its BTEX counterparts, thus it was chosen as the most promising contaminant to be removed
from an aqueous solution by crumb rubber.
Xylene was a desirable choice as a contaminant for also another reason. The acceptable
levels ofxylene in drinking water and groundwater are relatively lenient. The EPA has set the
Maximum Contaminent Level (MCL) for xylene in drinking water at 10 ppm. The PADER has
set the acceptable xylene level in groundwater at 300 ppb for taste and odor control and at 211
ppb as a protection to aquatic life (PADER Code, Title 25). There have been no reported
carcinogenic or other human health threatening effects observed in connection with xylene.
These concentration levels were attractive since the sensitivity of the chemical analysis used in
this study was 10 ppb or higher depending on the dilution factor ofthe samples.
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CHAPTER 3
MATERIALS AND METHODS
3.1 MATERIALS
Crumb Rubber (CR)
Type I CR - GRANULITE CR WTP series - This rubber product, obtained
from Baker Rubber, Inc., Chambersburg, Pennsylvania, was recycled from whole tire
rubber product (WTP) which includes rubber from tread and side walls as well as the
carcass and innerliner. The metal has been removed however, small amounts of fibers
« 1%) from the cord of the tires can be found in the WTR after it is processed. Two
mesh sizes were obtained, 10/20 Mesh (2000J.UI1/850llm) and 40 Mesh (425Jlffi).
Type IT CR, Treated - VISTAMER RW-4010 - Obtained from Composite
Particles, Inc., of Allentown, Pennsylvania. This crumb rubber type was processed
from recycled tire material to precise specifications for metal and fabric removal. The
nominal particle size was No.10 mesh (2000llm). The ground rubber was surface
treated by a reactive gas technology to modifY the outermost layers of the polymer
particle.
Type IT CR, Untreated - VISTAMER RW-2010 - Obtained from Composite
Particles, Inc., of Allentown, Pennsylvania. - This crumb rubber type was processed
from recycled tire material as in the case for VISTAMER RW-401O, however it did
not undergo surface treatment. The nominal particle size was No. 10 mesh (2000Jlffi).
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Granulated Activated Carbon (GAC)
Type I GAC - The activated carbon was Filtrasorb 400, a brand from Calgon
Corp., Pitttsburgh, Pennsylvania. The nominal particle size was No.12/40 mesh
(1700~m/425~m).
Chemicals
All chemicals were high purity or reagent grade. MethanoL which was 99.9010
pure, was obtained from Fisher Scientific Co., Fair Lawn, New Jersey. Anhydrous 0-
xylene, 97% pure, was obtained from Aldrich Chemical Co., Milwaukee, Wisconsin.
Column Test Apparatus
a) Glass Column and Reservoir - The glass column used in this project
was custom made by The Glassblowers ofTurnersville, New Jersey. It is a 10 mm ill
x 46 cm L column with teflon stopcock, glass frit, V-neck glass tube with septum and
luer lock connection. The reservoir is a 2.5 L Flask with side port, teflon bushings, 3-
way glass tube, and glass tube with septum.
b) Other parts such as 3/16" x 1/4" Teflon FEP and Viton Tubing
andteflon connectors, both glass-to-glass an~ tube-to-glass were obtained from Cole-
Parmer Instrument Company of Niles, lllinois.
c) The teflon-sealed cap vials were obtained from Scientific Lab Supplies,
Inc., Millville, N.J.
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3.2 METHODS
3.2.1 General Laboratory Protocol and Analysis
All glassware and dynamic testing apparatus parts were cleaned the following
procedure. Alconox detergent was used to wash each part after which it was rinsed well with
,;
tap water. Next, an acetone rinse was used to remove any trace of o-xylene on the surfaces,
followed by at least three rinses with distilled water.
Chemical analyses ofsamples were done at a certified laboratory, Benchmark Analytics
located in Hellertown, Pennsylvania. Agas chromatograph/mass spectrometer fitted with purge
and trap extraction apparatus was used to analyze the samples for o-xylene concentrations.
3.2.2 Static Adsorption Tests
3.2.2.1 cEquipment and Parameter Development
In performing isotherms on low concentrations of VOCs, sample preparation and test
conditions during equilibration have to be carefully controlled to prevent the volatilization of
the compounds. These conditions include using sample bottles with no head space.
Biochemical Oxygen Demand (BOD) Bottles with glass stoppers served this purpose well.
,
Good technique is necessary in transferring the contaminant solutions to the sample bottles.
This step is complicated by the hydrophobic nature of the rubber, or its poor wettability, and
the large levels of static charges on the surfaces of the rubber that cause the rubber to mix
poorly with the batch solution. Air pockets are consequently introduced into the bottles.
However, by filling the BOD bottles with the solution at an angle and quickly submersing the
rubber particulates with a spatula, the amount ofvolatilization at this step was minimized. Other
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conditions that were used to promote reliable results were long contact periods to ensure
equilibrium, relatively large quantities ofsolid media to minimize weighing errors, and relatively
large concentrations of organic contaminant to minimize detection errors during chemical
analysis.
Although it is recommended to use pulverized sorbent « 75!lIl1) in batch studies in
order to minimize time to equilibrium, the particle sizes for both the Crumb Rubber and the
GAC were in the 425J.Ull- 2000J.Ull range. The smaller particle size sorbents were not available
for this study. Nevertheless, it has been shown by researchers (peel and Benedek, 1tsO) that
the adsorption capacity of large activated carbon particles is similar to that of pulverized
activated carbon provided that enough time is given to attain equilibrium. The GAC test was
allowed 6 days while the CR tests, with the exception ofthe first batch, were all allowed 4 days
to equilibrate.
Table 3.1 lists the sorbents and the test parameters for each case studied.
Table 3.1 Static Batch Test Parameters
BATCH TEST STUDIES
SURFACE
TEST SORBENT PARTICLE MODIFIED INITIAL EQUILIBRATION
NO. SIZE CONC.
{um\ YES/NO (mg/L) TIME
1 BakerCR 2000-850 NO 4.7 24 hrs
2 Baker CR 425 NO 14 4 days
3 Calgon GAC 1700-425 NO 14 6 days
4 BakerCR 2000-850 NO 26 4 days
5 CPICR 2000 NO 26 4 days
6 CPI CR 2000 YES 26 4days
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3.2.2.2 Batch Test Procedure
Different amounts of adsorbent were weighed on a Mettler H20T analytical balance
then. added to a series of five labelled 300 ml BOD bottles. A 10,000 mgIL O-xylene stock
solution was prepared using methanol as a solvent. Starting solutions were prepared in
volumetric flasks with distilled, deionized water and the appropriate amount of stock solution,
and were then transferred into each ofthe BOD bottleS. Due to the possibility ofvolatilization,
a blank was run with each batch test and its concentration at the end of the equilibration time
was used as the initial liquid-phase concentration in the mass balance equations. This way, any
o-xylene losses during transferring the solution to the bottles or during solid-liquid contact were
accounted for. The bottle tops were taped with strong water resistant tape to prevent the glass
stoppers from loosening during rotation. The bottles were then placed into a tumbler and
rotated top over bottom for the duration of the equilibration time. The supematent from each
bottle, including the blanks, was filtered through glass wool into teflon-sealed cap vials and
refrigerated at 4° C until chemical analysis. Using glass wool as a filter proved to work well
since the pores were small enough to trap adsorbent particles, yet large enough to allow quick
filtering ofthe sample and thus minimize volatilization.
3.2.3 Dynamic Sorption Column Tests
3.2.3.1 Equipment Development
Reservoir - The important considerations in choosing an appropriate reservoir for the
influent contaminant solution are minimization of headspace to control volatilization and
selection of an appropriate material to limit any attraction between the contaminant and the
surface of the reservoir. The most logical choice would have been a collapsible bag made from
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teflon. However, after notification ofa few suppliers, this product did not seem to be available
at the time. Next, a theoretical calculation was performed to determine the amount of
volatilization resulting from headspace of various volumes assuming equilibrium has been
reached between the liquid phase contaminant and the gas phase contaminant molecules. The
results are tabulated in Table 3.2. Accordingly, it was decided that the volatilization from
headspace would be minimal and would be taken into account with the control sample
obtained from the line with no column. A 2.5 L glass container was used as the reservoir to
deliver the influent o-xylene solution to the control and experimental lines.
Table 3.2 Potential O-xylene Losses in Reservoir
Due to Volatilization into Headspace at Equilibrium
VOLUME INITIAL EQUILmRIUM % OF
OF CONCENTRATION CONCENTRATION 0-
HEADSPACE (mgIL) (mgt) XYLENE
tml) LOST
100 10 9.82 1.8
250 10 9.55 4.7
500 10 9.0 10.3
Pumping, Tubing - In choosing the method for delivery of the cOntaminant solution
from the reservoir to the column, the main constraint was exposing the solution to only teflon,
glass or other inert materials. Pumps other than peristaltic were inappropriate since the solution
would be exposed to metal and plastic parts which may have resulted in contaminant loss
during flow. Use of compressed air as a power source was not appropriate in this application
since air would be introduced into the reservoir bulk solution and would attract some o-xylene
out of solution as well as resulting in complex gas phase vs. liquid phase sorption to the
sorbent. These processes would lead to erroneous contaminant concentrations in the effiuent. It
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was decided to deliver the influent contaminant solution from the reservoir to the column by a
combination of head pressure and a peristaltic pump. All tubing and connections were made
from glass or teflon.' An exception was the viton tubing used to direct flow through the
peristaltic pump. No teflon product was flexible enough for this application.
Column - A standard column size was chosen. A smaller diameter column would
promote channeling effects as solution flowed through the column bed. A larger diameter
column would have been impractical since the appropriate bed volume for this application was
minimal. The column was fitted with a teflon stopcock to provide an inert surface of contact
for the o-xylene solution.
Sample collection - The column exit was modified with a luer lock connection in order
to allow column effluent to pass through a needle directly into the sample vial, thus ensuring no
exposure of the solution to the atmosphere with the exception of the headspace in the vial.
Sample vials of 40 mI volume were used since this was the minimum volume of solution
required for chemical analysis. In order to minimize volatilization, sample collection duration
was limited to approximately 10 minutes at a time. This resulted in sample dilution factors of2
to 4 depending on the flowrate.
Fig. 3.1 presents a schematic of the column test apparatus designed and used in the
dynamic adsorption tests.
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Figure 3.1 Schematic ofColumn Test Apparatus
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3.2.3.2 Detennination ofTest Parameters
Howrate and Empty Bed Contact Time (EBCn - There were a number of factors to
consider in order to set a proper flowrate through the column. A higher flowrate would
minimize sample collection time and thus minimize volatilization and possibly eIiminate the
need for dilution. This was favorable since the sensitivity of o-xylene analysis on the Gas
Chromatograph is a concentration of 10 ppb multiplied by the dilution factor. When a4 times
dilution factor was used, sample concentration levels below 40 ppb could not be quantitatively
detennined. Also, the higher the flowrate, the shorter the column run time. In combination
with a higher sorbent bed volume, a lower flowrate would result in a higher residence time or
Empty Bed Contact Time (EBCn. This would allow for maximum equilibration time as the
solution passed through the column. However, the bed voume must be minimized in order to
obtain a breakthrough curve in a reasonable period of time. The higher the volume of
adsorbent in the column, the higher the sorption capacity, and thus the more solution that will
have to be treated before breakthrough. Using activated carbon, typical EBCTs were reported
in the range of 7.5 - 15 minutes. (Stenzel, 1993).
Influent concentration - Representative o-xylene concentrations found in contaminated
groundwater were used to detennine an appropriate influent concentration. Also, since air
stripping appears to be the treatment method of choice for cleanup of higher concentration
levels of groundwater contamination, influent concentrations below 1 ppm would be most
representative offield conditions using sorption for treatment. However, for concentrations that
,
low, the resultant effluent concentrations would most likely fall below the sensitivity level ofthe
gas chromatographic analysis in this study. Thus, an influent concentration ofapproximately 1
ppm was chosen for the first case. After a couple column tests without reaching any significant
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breakthrough, it became obvious that there was a need to be able to identifY qualitatively the
amount of contaminant in the column eftluent in order to choose the right time to end the test.
Thus, the o-xylene concentration of the influent was increased in orderfacilitate identification
of the breakthrough. A strong smell was detected in the eftluent as the column neared the
breakthrough condition.
Table 3.3 lists the test parameters for each ofthe column tests conducted.
Table 3.3 Dynamic Sorption Column Test Parameters
Sorbent: Type I Crumb Rubber - No. 10 mesh
TEST # WEIGHT BED VOL FLOW- EBCT INF. VOL.of DILUT.
of CR (mI) RATE (min) CONC. SAMPLE FACTOR
(gm) (ml/min) (mglL) (mI)
I 26.2 36.1 0.8 45.13 1.3 10 4
2 26.0 36.1 1.0 35.56 1.2 10 ,'4
3 IO.4 13.4 2.1 6.24 6~0 20 2
4 8.7 12 1.8 6.81 7.5 20 2
5 7.5 10.6 1.5 7m 50 20 2
3.2.3.3 Sample Preparation and Test Procedure
A weighed amount ofsorbent and measured amount ofdeionized water is added to the
column and is packed down with a dowel. Deionized water is then added to the remainder of
the column. The tubing leading to the column and in the control line are filled with deionized
water and then clipped on both ends to keep airtight. A stock solution of 10,000 mg/L 0-
xylene is prepared. From the stock solution, the appropriate influent concentration is prepared
in a volumetric flask. This solution is then transferred to the reservoir. Tubes are linked to the
reservoir and column with appropriate connectors as shown in Figure 3.1. The reservoir is
turned upside-down and placed in its holder. The on-offvalves in the experimental and control
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lines are turned on. At predetennined intervals, the time and the volume of contaminant
solution treated are recorded.
3.3 SPECIFIC SURFACE AREA DETERMINATION
The specific surface area of the solid and detennination of its value is important in
adsorption measurements. This parameter may be detennined by the Brunauer, Emmett &
Teller (BET) Method. In this method, the volume of nitrogen gas adsorbed at liquid nitrogen
temperature (-195 ') is measured at various pressures. A plot of volume adsorbed versus
pressure at constant temperature is called an adsorption isotherm. The total volume of the
adsorbed nitrogen is then calculated. Assuming a layer of nitrogen of one molecule thick is
adsorbed, the surface area ofthe solid can than be detennined.
Surface area measurements were conducted by obtaining the adsorption isotherm ofN2
on Type I CR and GAC at 77.5K using a Micro Meritics Corp. Surface Area Analyzer, Gemini
Model 2360. The surface area detennination was based on a five-point nitrogen BET at
relative N2pressures between 0.10 and 0.50.
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION
4.1 EQun...mRIUM SORPTION STUDIES
The effectiveness of recycled scrap tires in removing o-xylene as a representative
gasoline range compound (benzene, toluene, ethylbenzene, xylene: BTEX) from water was
evaluated first by conducting several batch equilibrium tests. Two sources ofcrumb rubber, one
from Baker Rubber, Inc. and the other from Composite Particles, Inc., were evaluated and
compared in this study. These results were also compared to those results obtained by Park, et
al. (1993) using scrap tire chips to remove m-xylene from water. These researchers also
investigated whether rubber's sorption for different organics correlated well with their octanol-
water partition coefficients. Since they found excellent correlation between octanol-water and
rubber sorption coefficients, and the log of the octanol-water coefficients for o-xylene and m-
xylene are close, [3.12 versus 3.20 (CRC, 1990-1991)], it was assumed that sorption results for
these two isomers ofxylene could be considered interchangeable.
The crumb rubber from Composite Particles, Inc., with and without surface
modification, was investigated for potential sorption enhancing effects as a result of the surface
treatment. Since rubber is hydrophobic and surface treatment increases its wettability, it has
been theorized that as a result ofsurface modification, more aqueous phase organics would be
exposed to the surface of the rubber. Granulated activated carbon from Calgon Corp. ~as
evaluated for its o-xylene sorption capabilities to compare its performance to that of crumb
rubber. This analysis was used to determine an approximate cost effectiveness strictly at the
sorption stage when using crumb rubber as a substitute for GAC in 'groundwater treatment.
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Further comparisons of the cost of carbon regeneration versus CR incineration or another
method of disposal would have to be made in order to determine a true cost comparison
,-
between the two methods of groundwater treatment. Finally, adsorption isotherm data
describing GAC's sorption capacity for m-xylene was retrieved from EPA documents (park:, et
al.,1993) to compare and confirm the GAC sorption results in this study. The GAC used in the
EPA document is identified as Type II GAC in this thesis.
Table 4.1 summarizes the results for the batch equilibrium studies. Since the range of
equilibrium concentrations varied from one batch test to another, a separate table was
developed to compare sorption capacities of different case studies at the same equilibrium
concentrations. These values are given in Table 4.2.
4.1.1 Type I Crumb Rubber - Effect ofEquilibration Time
The effect of equilibration time on the sorption capacity of crumb rubber was
investigated. Two different times were chosen, specifically, 24 hrs. and 4 days. Fig. 4.1
indicates that there is increased sorption with increased equilibration time. From Table 4.2 the
increased factor of sorption for an equilibration time of four days over one day can be
computed from each sorption capacity value and it ranges from 4.25 at an equilibrium
concentration of 1 ppm to 2.78 at 10 ppm. This data indicates that the Increase in sorption
capacity attributable to a longer equilibration time varies slightly with concentration. This
finding is further supported by comparing the Freundlich curves for these two tests. The
equations ofthe Freundlich curves for these sorption tests are given in Table 4.1. The empirical
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constants relating to the sensitivity to concentration, lin, vary by about 16% between the two
tests. These two observations indicate that sorption progresses more quickly at higher
concentrations than at lower concentrations.
Table 4.1 Static Sorption Test Results
MESH SUR- EQUILI- EQUIL ADSORP- FREUNDLICH
SORBENT SIZE FACE BRATION CONC. TION MODEL /
(um) TREATED TIME mq/L CAPACITY CORRELA-
YES/NO (DAYS) (mq/kq) TION
COEFF.
TYPEICR 2000- NO 1 1.8 0.343 q=O.158*Ce** 1.27
850 3.2 0.615 0.9552
3.8 0.945
TYPEICR 2000- NO 4 5.9 4.70 q=O.6791Ce**1.08
850
15 12.26 0.9977
22 19.85
TYPEICR 425 NO 4 2.1 1.45 q=O.645*Ce**1.07
5.4 3.80 0.9977
8.2 6.38
TYPEIICR 2000 NO . 4 7.0 4.30 q=O.114*Ce**1.84
14.0 13.69 0.9941
21.0 33.53
TYPE II CR 2000 YES 4 6.1 4.71 q=O.834*Ce**0.97
15.0 12.63 0.9859
22 15.83
11YPE I 1700- NA 6 0.03 22.02 q=104.6*Ce**0.40
GAC
425 0.19 63.31 0.9738
2.6 172.55
7.4 202.87
Dniv.of 1500K NO 2 2.2 1.0 q=O.327*Ce**1.37
Wise.
TIRE 2.6 1.2 0.9983
ClllPS
3.4 1.7
7.3 5.1
EPA NA NA NA 2.2 96 q=82.5*Ce**0.20
STUDY-
TYPE II 2.6 100
GAC
3.4 105
7.3 122
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Table 4.2 Equilibrium Sorption Capacities Derived from Freundlich Curves (mg X/g)
Equil. Type I Type I Type I Type II Type II Type I Type II Tire
CR CR CR CR CR GAC GAC Chips
Cone. 10/20 10/20 40 Untreated Treated
(mg/L) 24 hrs. 4 days 4 days 4 days 4 Days 6 days 2 days
0.05 0.00 0.03 0.03 0.00 0.05 31.09 45.72 0.01
0.1 0.01 0.06 0.05 0.00 0.09 41.17 52.41 0.01
0.5 0.07 0.32 0.31 0.03 0.43 79.00 71.96 0.13
1 0.16 0.68 0.65 0.11 0.83 104.60 82.49 0.33
2 0.38 1.44 1.35 0.41 1.64 138.50 94.56 0.85
3 0.64 - 2.22 2.09 0.87 2.43 163.22 102.42 1.47
4 0.92 3.03 2.84 1.48 3.21 183.39 108.39 2.19
5 1.22 3.86 3.61 2.23 3.98 200.73 113.27 2.97
7.5 2.04 5.98 5.57 4.72 5.91 236.55 122.68 5.17
10 2.94 8.16 7.58 8.03 7.81 265.79 129.84 7.67
20 7.09 17.26 15.91 28.88 15.33 351.92 148.83 19.83
30 11.87 26.74 24.55 61.08 22.73 414.73 161.21 34.55
40 17.10 36.49 33.40 103.91 30.06 465.98 170.61 51.24
50 22.70 46.43 42.41 156.91 37.34 510.05 178.28 69.57
Only two tests of equilibration times would not be adequate to conclude that
equilibrium sorption of the o-xylene was attained. after four days. However, data obtained by
others (park, et al, 1993), which will be discussed later, do support this conclusion.
4.1.2 Type I Crumb Rubber - Effect ofParticle Size
Two different particle sizes ofcrumb rubber were evaluated with batch tests. The first is
in the 2000um-825um range which is No. 10/20 mesh size, and the second is 425um which is
No. 40 mesh size. From Figure 4.2, it can be observed that there is no significant difference in
sorption of o-xylene between these two ranges of particle sizes. In Table A-I, the calculated
percent differences in sorption capacity between the two particle sizes fall below 10% for all
equilibrium concentrations evaluated. Alook at the Freundlich curves also confirm the sound
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~!
agreement between these two isothenns. The l/n constants, relating sensitivity to
concentration, are almost identical, and the k factors related to adsorbability are 0.679 and
0.645 for the 2000-825 urn and 425 urn size CR, respectively. These values are well within
10% of one another. This information indicates that, given an adequate equilibration time,
particle size has minimal or no effect on the amount ofo-xylene sorbed by crumb rubber. This
might give the impression that the primary sorption mechanism is absorption rather than
adsorption since surface area has no significant effect, however that might be a premature
conclusion based on limited data presented here. As stated in Section 3.2.2.1, it has been found
I
in other studies that adsorption capacity for GAC is not particle size dependent even though
surface area is a major factor in GAC adsorption.
4.1.3 Type II CR - Effect ofSurface Treatment
Type II crumb rubber that had been surface modified was compared to identical Type
II CR without the surface treatment. As can be observed from Fig. 4.3, surface treatment did
not significantly enhance the overall sorption properties of the crumb rubber. However, the
Freundlich curves for these two tests as well as the sorption data presented in Table 4.2 indicate
differences in relative sorption between the two tests. The 1/n factors for the treated and
untreated cases are 0.97 and 1.85 respectively. Since both sorbents have the same capacity at
about 9 ppm, as can be observed in Table 4.2, the different l/n values indicate a switch in
relative sorption capability at that equilibrium concentration. The k factor for the surface treated
CR is 0.8338, while k is 0.1142 for the untreated CR This follows that at 1 mg/L of o-xylene
solution concentration, the surface treated CR is 0.8338£0.1142 or 7.3 times more
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effective in removing the o-xylene from the water. It appears that surface treated CR may result
in higher sorption capacities at lower concentrations. However, it also appears that this
particular surface treatment applied on CR may somewhat hinder sorption at concentrations
higher than 9 ppm. Since it is difficult to explain why surface treated rubber becomes less
effective at higher concentrations, more batch tests should be conducted in order to conclude
with confidence the relative importance ofsurface treatment in CR sorption performance.
4.1.4 Comparison ofRubber Sorption Results from Various Sources
The sorption capacity of crumb rubber for o-xylene from two different sources was
evaluated, Baker Rubber, Inc.(Type nand Composite Particles, Inc.(Type II). These results
were compared to those from Parks et al. (1993) who studied the sorption capacity of 1.5 em
diameter tire chips for m-xylene. Those tire chips were obtained from a local tire processor. In
Fig. 4.4, the isotherm plot shows good agreement among all three types of scrap rubber, with
the best agreement in the equilibrium concentration range of approximately 7 - 9 mgIL. This is
confirmed from the calculations shown in Table 4.1. Using the Freundlich curves for the Type I
CR and Type IT CR results, the sorption capacities show agreement to those of the Parks et al.
study at 7.3 mgIL to within 11%.
The sorption capacities for the tire chips were based on an equilibration time of two
days. The sorption capacity of tire chips which were at least an order of magnitude larger in
size than the CR particles is in close agreement with those for the crumb rubber within the four
days equilibration allowed the crumb rubber. These results further demonstrate the
unimportance ofpartic1e size in determining the sorption capacity oftire rubber.
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Also, from their research, Park, et al. (1993) determined that two days was the amount
of time needed for equilibrium to be reached regardless of the size of the tire chip. The results
of this study seemed to indicate that equilibrium may be reached within 4 days, although tests
were not run at an equilibration time of two days. Further tests performed at this equilibration
time may support the previous findings.
It is apparent from Fig. 4.4 that the isotherms for all the recycled rubber cases are in
close agreement regardless of the particle size of the rubber, the source of the chipped or
crumbed rubber or the type of xylene used as a contaminant. The only exception to this
statement is the isotherm that was not given adequate time to reach equilibrium. Quantitatively
speaking , the equilibrium sorption capacities that are seen from batch tests of crumbed or
chipped rubber are 1 - 30 mg xylenelgm rubber within xylene concentration range of 2 - 20
mg/L. These values are given in Table 4.1
4.1.5 Activated Carbon vs Scrap Tire Rubber
A batch equilibrium test was performed using GAC as the sorbent. The results of this
test were compared to the isotherm for CR Type I and also the EPA- generated isotherm using
GAC as the sorbent, designated as Type IT GAC on the graph in Figure 4.2. The superior
sorption capacities of the activated carbons as compared to crumb rubber are obvious. From
the batch sorption experiments performed by Park, et al (1993), tire chips were found to have 1
to 4% ofthe sorption capacity ofType IT GAC on a weight basis between the concentrations of
2.2 and 7.3 mg/L. From Table 4.3, these percentages were calculated as 1.1 to 2.5% for Type I
CR and Type I GAC within the same equilibrium concentration range. These
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percentages for Type I CR would be higher if the sorption capacities for Type II GAC were
used instead ofthose for Type 1. As shown in Table 4.3, these values are calculated to be 1.7 to
4.8%. The EPA-generated sorption capacities are somewhat lower than those obtained in this
study because the procedure used by the EPA in perfonning the equilibrium tests is different
than the one described in Chapter 3. In the EPA tests, shorter equilibrium times (2hours), and
magnetic stirring rather than top-over-bottom rotation were used for liquid-solid contact.
Judging from the slopes ofthe isotherm curves, the relative sorption capability of GAC
become greater with decreasing xylene concentration. Thus, evaluating the cost effectiveness of
using crumb rubber as a substitute for activated carbon in groundwater treatment may be
dependent on the contaminant concentration levels encountered. For instance, using the price
quotes from the suppliers of the crumb rubber and activated 'carbon, the rubber, at $0. ~ 5/lb is
7.5% the cost ofGAC which is $2.00/lb. Using the sorption capacity figures for Type I GAC,
activated carbon is calculated to be 6.8 times as cost effective as crumb rubber at influent xylene
concentration of 2.2 mgIL and 3 times as cost effective at 7.3 mgIL. These figures only take
into account the relative cost of the sorption process. The costs of CR disposal and GAC
reactivation could change the relative cost effectiveness in favor of scrap rubber.
4.2 COLUMN TESTS
Once sample equilibrium sorption capacities were obtained for Type I CR, dynamic
sorption tests were run on this media to detennine how well these equilibrium values can be
used to predict actual sorption capacity realized in the fixed bed treatment process. It was
assumed that only a small fraction ofthe equilibrium capacity could be acheived in a fixed bed
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Table 4.3 Sorption Capacity Comparisons between CR and GAC
SORPTION CAPACITY % FRACTION
(mg Xylene/gm of sorbent) OFGAC
-,
SORPTION CAPACITY
Calculated from
Freundlich Models Tire Chips Type II GAC Type I I Type IIGAC GAC
Equilibrium Type I Type I 1.5 em.
Concentration Crumb GAC Measured Measured Crumb Crumb Tire
of Xylene Rubber Rubber Rubber Chips
(mglL) 10 Mesh Data Data
0.05 0.026 31.090 0.085
0.1 0.056 41.165 0.136
0.5 0.321 78.998 0.406
1 0.679 104.600 0.649
2 1.439 138.500 1.039
2.2 1.595 143.950 1 96 1.108 1.662 1.042
2.57 1.888 153.304 1.2 100 1.231 1.888 1.200
3.45 2.597 172.722 1.7 105 1.503 2.473 1.619
5 3.881 200.731 1.933
7.27 5.821 233.589 5.1 122 2.492 4.771 4.180
7.5 6.020 236.555 2.545
10 8.221 265.786 3.093
15 12.754 313.219 4.072
20 17.416 351.924 4.949
process at breakthrough. During the development of the column test parameters,a
conservative starting point was chosen to avoid missing the beginning of the breakthrough
~
curve. Since there was no real sign of breakthrough in the first four runs, contaminant was
introduced into the system more aggressively with each successive run by increasing influent
concentration and decreasing the contact time.
A breakthrough concentration of 211 ppb was chosen based on the Pennsylvania
Department ofEnvironmental Resources (pa. Code, Title 25) cleanup criteria for groundwater.
All the column test results are given in Table 4.4
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Table 4.4 Dynamic Sorption Column Test Results
')
CASE INFL WT. VOLUME BED EFFLUENT CON- MIN. *
CONC. OFCR OF BED VOLUMES CONC. TROL SORP.
(mgIL) (gm) (mls) TREATED (mgIL) CONC. CAPAC.
(mWL) (mW2D1)
1 1.3 26.2 36.1 0.3 <0.04 1.32 0.006
1.0 <0.04 1.24
1.8 <0.04 1.16
3.5 <0.04 1.36
2 1.2 26.0 36.1 0.1 <0.04 0.88 0.022
1.8 <0.04 1.08
3.5 <0.04 1.24
8.8 <0.04 1.2
13.5 <0.04 1.04
3 6.0 10.4 13.4 1 0.06 5.8 0.455
10 0.04 6.0
19 0.04 6.0
46 0.04 6.0
73 0.3 6.0
4 7.5 8.7 12 0 0.06 7.6 1.29
42 0.06 7.6
83 0.08 7.0
104 0.08 7.8
125 0.08 7.0
5 50 7.5 10.6 51 0.08 46 3.63
112 1.76 46
236 2.6 40
361 6.0 42
433 6.4 60
510 14.2 46
626 26.0 66
*Based on a breakthrough concentrallon level of211 ppb
In the first column run, the planned residence time of45.1 minutes was very high. It
had been assumed that a very small fraction ofthe equilibrium capacity would be realized in a
column setup since the required equilibration time for a batch test was 4 days. However,
chemical analysis ofthe column efIluent did not reveal abreakthrough, and with only 0.67% of
the equilibrium capacity realized, the test parameters had been much too conservative. Table
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4.5 displays the sorption capacities for both the equilibrium and dynamic cases as well as the
percent ofequilibrium realized in the column tests. Fig. 4.6 displays visually that no
breakthrough occurred. In the second run, the residence time was decreased somewhat, from
'''-.c.._
45.1 minutes to 35.6 minutes, and approximately four times as much contaminant solution was
treated. Again, a breakthrough was not detected, and only 2.7 % ofthe equilibrium capacity
had been used up. The plot ofconcentration vs. bed volumes treated is displayed in Fig. 4.7. In
the third run, the volume ofthe bed was decreased from 36.1 m1s to 13.4 m1s and the flowrate
was doubled from 1.0 to 2.1 mls/minute. This results in a residence time, or EBCT, of6.24
minutes, calculated using the following equation:
EBCT=BV IQ
BV = Volume ofSorbent Bed (ml)
Q = Flowrate through Column (mIIminute)
For calculated values ofEBCT, refer to Appendix A-2.
[6]
This residence time is more representative ofactual field conditions, which are 7.5 to 15
minutes according to Stenzel, et al. (1989).
In addition to the fact that 6.24 min is closer to actual field residence times, it was
necessary to decrease the residence time by increasing the flowrate in order to speed up the
column test. This improved the managability ofthe test since the samples were collected
manually. The influent concentration was also increased to 6.0 mgIL. However, since sorption
capacity increases with concentration, a quicker breakthrough curve would not result
necessarily. From the analysis ofthe last column effluent sample, a hint ofbreakthrough could
be detected at approximayely 73 bed volumes. This can be observed in Figure 4.8. As a result,
a sorption capacity of0.455 mglgm was measured which was 9.6% ofequilibrium capacity. In
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order to verify this result, the fourth test incorporated approximately the same influent
concentration and residence time. There was no breakthrough detected in this test, which can
be seen visually in Fig. 4.9. Thus, the resultant sorption capacity of 1.29 mg!gm, that yielded a
value of21.4% ofequilibrium capacity was computed as the minimum value. At this junction,
it was decided that the priority was to obtain a complete breakthrough curve so that
comparison ofcapacities derived from the batch and column tests could be made. Since it is not
possible to estimate how long to run a test based on any visual observations, a significantly
higher influent concentration was used so that breakthrough could be detected from the odor.,
The subsequent breakthrough curve oftest Number 5 is displayed in Figure 4.10. Unlike the
fourth column run where over 21% ofequilibrium capacity was realized With still no sign of
breakthrough, in this case only 7.7% ofthe maximum capacity was used when breakthrough
was detected.
As can be seen from Fig. 4.10, the curve is very gradual rather than sharp, which
indicates a high degree ofdispersion. A sharp curve, which denotes minimal dispersion, is
desirable to maximize the utilization ofa sorbent. It was pointed out in Section 2.'t-that the
Freundlich curve ofan isotherm with a lin value of 1or above was classified as a favorable
isotherm. In the case ofCR, the sorption capacity is less sensitive to concentration and less
dispersion is expected in a fixed bed reactor. Since the isotherm for Type I CR, No 10 mesh
,- has a 1In value of 1.08, a gradual breakthrough curve was not anticipated. Other factors must
be looked to explain this outcome. It has been pointed out by Stenzel (1993) that a good
adsorber design would incorporate a column diameter-to-particle size ratio ofno less than fifty.
The fact that this ratio is approximately 10 for the column runs in this study may have
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contributed to the large degree ofdispersion experienced. Also, decreasing the contact time
and increasing the concentration would contribute to a higher level ofdispersion as this was the
general trend for each succesive run.
The breakthrough curve was not carried out to the saturation point. However, when
the logarithm ofthe concentration is plotted as a function ofthe amount ofsolution treated, the
curve can be fitted to a straight line. The plot in Figure 4.11 demonstrates this application. With
the exception ofthe first data point, a linear regression was performed on the batch test data
which yielded a correlation coefficient of0.97. This curve was then used to predict the amount
ofsolution treated at saturation which was estimated to be 766 bed volumes. Given the influent
and efi:1uent concentrations, the weight ofthe CR, and the volume ofcontaminant solution
(
treated, the sorption capacity at saturation was then computed to be 42.2 mg o-xylene/gm CR
using Equation 4 in Section 2.1. The equilibrium sorption capacity determined from the
Freundlich curve for No. 10/20 Type I CR is 47 mg/gm. These results are displayed in Figure
4.12. It is observed that the Freundlich curves for the Type I CR isotherms accurately predict
the sorption capacity ofthe CR at much higher concentrations than those at which the batch
tests were performed. For example, a Freundlich curve generated from sorption capacity values
at equilibrium concentrations in the 5 - 20 ppm range appears able to predict the saturation
capacity for a fixed bed reactor experiencing an influent concentration of >20 ppm. Based on
the good agreement between the batch and column tests, it appears that static equilibrium tests
using CR can be used to predict saturation capacities for a wide range ofinfluent
concentrations in a fixed bed process.
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Table 4.5 Comparison ofDynamic &Equilibrium Sorption Capacities ofType I
Crumb Rubber
COL. INFL. EBCT SORPTION SORPTION EQUILL % OFEQUIL.
TEST -, CONC. (min) CAPACITY CAPACITY SORPTION SORPTION
NO. OF AT AT CAPACITY CAPACItY
XYLENE BREAK- SATURAT. (mg/gm) REALIZED
(mg/L) THROUGH (mg/gm) AT OR
(mg/gm) BEFORE
BREAK-
THROUGH
1 1.3 45.1 >0.006 - 0.902 0.67%
2 1.2 35.6 > 0.022 - 0.827 2.7%
3 6.0 6.24 > 0.455
-
4.73 9.6%
4 7.5 6.81 > 1.29 - 6.02 21.4%
5 50 7.01 3.63 42.2 47.0 7.7%
4.3 SPECIFIC SURFACE AREA DETERMINATION
Four BET tests were performed on Type I CR to determine the specific surface area of
the sorbent. Two different amounts ofsorbent were used in these tests. For the smaller two of
the four samples, the resultant specific area values were 0.0238 m2/grn and 0.1421 m2/grn. For
the other two samples, the resultant specific area values were both negative. Since these were
inconsistent results, no valid quantitative conclusions could be made, with the exception that
the surface.area of the CR is below 1 m2/grn. The sensitivity of the Surface Area Analyzer is
dependent on the degree of leakage occuring during the test. Unfortunately, due to faulty 0-
rings, a more exact determination ofthe crumb rubber's surface area could not be made.
In research done by Park and Jhung (1993), the surface area of the ground tires used
in their sorption studies was measured on a BET instrument. The surface areas ranged from
0.16 to 0.56 m2/g. Although the surface area of the CR used in this study could not be
determined exactly, it was approximately on the same order of magnitude «lm2/grn) as that
used in the Park and Jhung (1993) study. By comparison, the surface area of GAC used in this
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study was approximately 1000 m2/g per the supplier's specifications.(Calgon Corporation)
Evidently, GAC has surface area 1,600 to 7,000 times that ofCR In section 4.1.5, data was
presented that indicated GAC has 25 to 100 times the sorption capacity of crumb rubber.
Surface area is one of the main factors in determining the adsorption capacity of GAC. Since
CR has very little surface area in comparison, absorption must also be taking place to give CR
the ability to sorb 1to 4% as much o-xylene as GAC.
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CHAPTERS
CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCLUSIONS
5.1.1 Equilibrium Sorption Capacities ofRecycled Rubber and Activated Carbon
The equilibrium sorption capacities of recycled tire rubber from various sources ranged
from 0.11 to 0.83 mg/g at a xylene concentration of 1 ppm, and from 7.6 to 8.2 mg/g at a
concentration of 10 ppm. These values along with sorption capacities at other concentrations
are tabulated in Table 4.2. Within the concentration range of 7 ppm to 10 ppm, there are no
significant differences in sorption capacities among the different types of rubber. Since fabric
content as well as other compounds inherent in tires can differ from one source to another,
these factors seem to be irrelevant in determining its sorption capacity fofxylene.
The sorption capacities ofgranulated activated carbon at equilibrium ranged from 82.5
to 104.6 mg/g at a concentration of 1ppm and from 129.8 to 265.8 mg/g at a concentration of
10 ppm. These values can also be seen in Table 4.2. From this study as well as one performed
by Park, et al. (1993), it can be concluded that CR has approximately 0.50% to 4.0% of the
sorption capability of GAC between the ranges of I and 10 ppm of xylene concentration in
water..
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5.1.2 Effect of Particle Size, Equilibration Time. and Surface Treatment on Tire Rubber
Sorption
From the results from batch tests performed with Type I CR in particle sizes of 2000,
Ilm and 425 Ilm, it can be concluded that particle size has little or no effect on sorption
capacity of crumb rubber. This determination is supported by sorption capacity values for 1.5
cm tire chips obtained by Park, et al. (1993), which are in good agreement with the values for
TypeICR
The results from batch tests using Type I CR at solid-liquid contact times of one and
four days indicate that CR, in particle size of 2000llm, does need more than one day to reach
equilibrium.
The surface treated CR used in this study did not result in improved sorption capability.
However, the results presented here are not conclusive and further tests are needed.
5.1.3 Cost Effectiveness ofCrumb Rubber Relative to Activated Carbon
. In Section 4.1.5, it was discussed that since the isotherms for CR and GAC have
different sensitivities to concentration, the cost effectiveness of one relative to the other will
vary with contaminant concentration. Using the sorption capacity values for Type I CR and
Type I GAC, activated carbon is calculated to be 6.8 times more cost effective than crumb
rubber at a xylene concentration of 2.2 mg/L and 3 times as much at 7.3 mg/L. These figures
do not take into account the costs ofsorbent disposal or reactivation. If saturated CR could be
utilized as Tire Derived Fuel, the cost effectiveness may change in favor ofscrap rubber.
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5.1.4 Ability of Static Tests to Predict Actual Somtion Capacity Realized in the Fixed Bed
Treatment Process
Sorption capacity results obtained from the equilibrium tests are in good agreement
with the sorption capacity realized in the column test at saturation. This is relevant information
in situations where the sorbent in the first tank ofa multi-stage sorption system is used until it is
saturated. Equilibrium test data is also used to predict the sorption capacity realized in the fixed
bed sorption process at breakthrough. Unfortunately, with the exception of the last column
test, none of the first four were run long enough to achieve a true breakthrough curve. In the
fourth column test, enough solution was treated for 21.4% of the maximum sorption capacity
to be realized without reaching breakthrough. In the last column run, a breakthrough was
obtained at 7.8% ofthe theoretical capacity, but factors such as channeling, high concentration
and short contact time prevent using this data as a reliable prediction offixed bed performance
in the field. Stenzel and Merz (1989), whose research involved GAC as the adsorbent,
indicated that their column tests can obtain 45-55% of the equilibrium capacity. These results
may have been duplicated in the fourth run had the test continued until breakthrough.
5.2 RECOMMENDATIONS FOR FUTURE STUDIES
In future studies of the current subject matter, several improvements to equipment
design and choice in test'parameters are desirable.
1.) The reservoir should be increased in volume to 20 liters or larger to promote
better managability of tests that are much longer than those performed in this
study. Also, the reservoir should be a collapsible bag made from teflon to
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minimize contaminant loss due to volatilization or affinity to the reservoir
surface.
2.) The column diameter should be designed to minimize the effects of flow
channeling and the resultant dispersion, given the optimal particle size that
minimizes the power requirements for flow through the column and maximizes
the rate of adsorption. Since the required bed volumes are small, the column
length should be shorter than 46 em. to simplifY the cleanup and preparation of
the column in between tests.
3.) The Empty Bed Contact Times used in future work should be increased to
sharpen the breakthrough curve, thus delaying the beginning of breakthrough,
and maximizing utilization ofthe crumb rubber.
4.) Analysis of the samples for o-xylene was the limiting step in this study, both
from the standpoint oftime and cost. A less precise method ofanalysis, such as
methanol extraction and direct injection into the gas chromatograph, would
allow more tests to be run within a set of time and cost constraints. The level
ofdetection for this analytical technique would be at a concentration level that
would require the influent concentration in the column studies to be much
-------greater than that experienced in the field. Although the results would not reveal
CR's ability to meet acceptable breakthrough criteria, the effect of many other
variables can be investigated in a faster time frame and at less cost.
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Groundwater may contain organic compounds such as humic substances, which are
non-toxic, and volatile organic compounds and other toxic organics which may have an
affinity for crumb rubber. Competitive sorption static and dynamic tests must be conducted on
groundwater samples that include representative background carbon as well as competing
target organics before sorption with crumb rubber can be considered as a viable alternative in
groundwater treatment.
Application ofcrumb rubber in the first stage ofa two stage sorption system should be
evaluated in future studies. Employing crumb rubber in this manner will allow maximum
sorption capacity attainment even after the efiluent is above allowable breakthrough
concentrations.
Since it has been shown by Crittenden, et al (1985) that adsorption cpacities ofGAC at
typical groundwater temperatures of 10-12° are approximately two to four times as high as
those that were observed at 20-22°, batch tests should be conducted to investigate CR's
sorption capabilities at temperatures representative of actual groundwater treatment
applications.
The cost of soment disposal or recharge can be a determining factor in choosing the
appropriate soment for groundwater cleanup via $orption. An investigation into the feasibility
of using saturated CR as a potential resource as fuel is warranted to determine its cost
effectiveness with respect to GAC.
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APPENDIX A
COMPARISON OF EXPERIMENTAL ISOTHERM DATA
TO FREUNDLICH MODEL
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Table A· 19
Com p3rtson mAll Static Batch Test RMutts
Experimental Values vs. Values Calculated from Freundlich Models
Adsomtion Ca""e;'" (mo )(Jam CR Of ACl
Typ<>1 CR TypelCR Type ICR TypeRU_
10120 10120 40
Equil. cone 24 hrs. 4Da"" 4Davo 4Da~
(mgIL) Actual Calculated %Oiff. Actual Calculated %Difl. Actual Calculated %Diff. Actual Calculated %Difl.
q~O 1579'Ce"1 q~.6791·ee··1.0 q~.645·ee"1.07 q=.114Tee"I.84
r2 ~9552 r2 ~ .9977 r2 ~ .9977
BakerCR-10120
24 hrs
1.8 0.343 0.333 2.811 1.283 117.579 1.213 113.840 0.338 1.549
32 0.615 0692 11692 2.393 110.316 2.252 106.013 0.979 34.436
3.8 0.945 086Q 9339 2.883 108.060 2.709 103.582 1.345 43.978
Baker CR·10120
4 Days
59 1504 102.108 4.697 4.643 1.153 4.347 G.5S9 3.033 41.937
15 4921 88.639 12264 12.754 3916 11.854 7.315 17.006 28.579
22 8003 82.794 19.858 19310 2.798 17.892 7.621 34.509 56.482
BakerCR-4Q
4 Days
2.1 0.405 111790 1517 5.744 1.451 1432 1.297 0.450 104.393
54 1.344 98480 4218 6.499 3.798 3953 4.037 2.575 42.195
82 2285 92.186 6.631 6.832 6.377 6.193 2.927 5.572 10.555
CPI Untreated
4 Days
7 1869 75965 5587 29.285 5.224 22691 4.301 4.160 3.348
14 4508 107.432 11838 23.393 11.006 30523 13.685 14.971 8.975
21 7.544 123.041 18.361 53192 17.019 60.169 '-33.527 31.666 5708
CP1 Treated
4 Days
61 1589 101.958 4813 0.423 4.506 7.019 3.226 39.901
15 4921 80782 12.754 9.570 11854 2.259 17.006 37.890
22 8003 71.011 19310 13.812 17 892 6.208 34509 68.949
CalgonGAC
60ays
0.03 0002 199.971 0015 199.759 0015 199.785 0.000 199.997
019 0019 199.856 0.112 199159 0108 199.191 0.005 199.960
2.6 0531 198 625 1911 195.097 1802 195.375 0.667 198274
74 2.006 196.619 5.934 190.160 5546 190.768 4.610 192.314
U.ofWis
22 0430 76.896 1.595 49.055 1.505 43.583 0.490 . 65.425
2.6 0531 78.371 1.911 44.459 1.802 38.600 0.667 58.271
3.4 0747 80.720 2.556 38.978 2.404 31.024 1.098 46.441
73 1.972 87.264 5.847 15.143 5.466 8.425 4.495 11.105
• Numbers in italic's signify % difference between actual data and Freundlich model predictions for 9 single test:
•• Numbers in botd signify % difference of Freundlich model predictions between two cases that have similar sorption capacities
~
-.t
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Table A· 1b
Comparison of All Static Batch Test Results
Experimental Values vs. Values Calculated from Freundlich Models
AdsorPtion CaDacitv (mo )(JQm CR or AC
Type II Treated Type I GAC Tire Chips
4 Davs 6Davs
Actual Calculated % Diff. Actual Calculated % Diff. Actual Calculated %Diff.
q•.8338"Ce".971 q.1 04 .6"Ce".4C q".3272"Ce·"1.3
1.476 126.358 132.714 198.999 0.734 75.110
2.582 115.489 167.540 198.355 1.618 80.191
3.052 112.023 179.616 198.093 2.048 81.686
4.680 0.794 214.648 191.532 3.749 21.288
11.589 9.570 313.219 184.350 13.513 5.783
16.815 13.812 365.774 179.942 22.872 16.889
1.715 12.260 141.264 195.986 0.907 44.906
4.294 1.778 207.086 192.508 3.320 17.400
6.444 2.865 245.260 190.148 5.894 4.953
5.525 28.202 230.036 192.895 4.742 13.085
10.837 32.033 304.589 181.260 12.291 19.660
16.072 65.335 358.947 167.573 21.456 38.442
4.711 4.834 2.572 217.566 191.306 3.925 20.747
12.632 11.589 8.609 313.219 185.728 13.513 15.332
15.829 16.815 6.040 365.774 182.420 22.872 30.524
0.028 199.564 22.016 25.279 13.799 0.003 199.958
0.166 198.760 63.310 53.386 17.008 0.033 199.750
2.110 194.594 172.553 154.027 11.346 1"216 196.866
5.832 190.324 202.869 235.272 14.791 5.118 191.483
1.794 59.937 143.950 197.332 1.000 0.967 3.384
2.110 53.762 154.027 196.866 1.200 1.216 1.337
2.739 43.616 171.704 195.946 1.700 1.758 3.365
5.755 13.579 233.979 191.592 5.100 5.024 1.508
" Numbers in italics signify % difference between actual data and Freundlich model predictions for a single test
"" Numbers in bold signify % difference of Freundlich model predictions between two cases that have similar sorption capacities
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DETERMINAnON OF
EMPTY BED CONTACT TIMES
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CALCULATIONS FOR EMPTY BED CONTACT TIME
Column Test #1
Delta
Init. Vol* Final Vol* Volume Flow rate Product
0 14 14 0.64 8.96
14 70 56 0.77 43.12
70 89 19 0.67 12.73
89 99 10 0.83 8.3
99 113 14 0.74 10.36
113 123 10 0.81 8.1
123 143 20 0.81 16.2
143 153 10 0.53 5.3
153 205 52 0.95 49.4
205 215 10 0.95 9.5
215 171.97
AVG. FLOW RATE 0.79986 mUmin
VOLUME 36.1 mL
EBCT 45.13 min
CALCULATIONS FOR AVG. FLOW RATE
Column Test #2
Delta
Init. Vol Final Vol Volume Flow rate. Product
0 10 10 1 10
10 60 50 0.65 32.5
60 70 10 1 10
70 120 50 0.92 46
120 130 10 1 10
130 313 183 0.94 172.02
313 323 10 1 10
323 483 160 1.25 200
483 493 10 1 1..k~
'--.-.
493 500.52
AVG. FLOW RATE 1.015254 mUmin
VOLUME 36.1 mL
EBCT 35.56 min
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CALCULATIONS FOR AVG. FLOW RATE
Column Test #3
Delta
Init. Vol Final Vol Volume Flow rate Product
0 20 20 1.8 36
20 89 69 2.3 158.7
89 120 31 2.4 74.4
120 140 20 2 40
140 163 23 2.3 52.9
163 240 77 2.1 161.7
240 260 20 2.2 44
280 301 21 2.1 44.1
401 421 20 2.1 42
531 552 21 2.2 46.2
600 620 20 2 40
695 714 19 2 38
968 988 20 2 40
381 818
AVG. FLOW RATE 2.146982 mUmin
VOLUME 13.4 mL
EBCT 6.24 min
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CALCULATIONS FOR AVG. FLOW RATE
Column Test #4
Delta
Init. Vol Final Vol Volume Flow rate Product
-21 4 25 1.8 45
4 9 5 1.3 6.5
9 29 20 2 40
29 248 219 1.9 416.1
248 425 177 1.9 336.3
425 477 52 1.9 98.8
477 493 16 1.8 28.8
493 513 20 1.8 36
513 552 39 1.3 50.7
552 874 322 1.5 483
874 972 98 2.3 225.4
972 997 25 1.9 47.5
997 1017 20 2 40
1017 1082 65 1.9 123.5
1082 1140 58 1.9 110.2
1140 1184 44 2 88
1184 1200 16 2.3 36.8
1200 1220 20 2 40
1220 1543 323 1.8 581.4
1543 1558 414 1.7 703.8
1558 1578 118 1.3 153.4
2096 3691.2
AVG. FLOW RATE 1.761069 mUmin
VOLUME 12 mL
EBCT 6.81 min
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CALCULATIONS FOR AVG. FLOW RATE
Column Test #5
Delta
Init. Vol Final Vol Volume Flow rate Product
-7 13 20 1.18 23.6
13 337 324 1.1 356.4
337 535 198 1.37 271.26
535 555 20 1.33 26.6
555 581 26 1.73 44.98
581 787 206 1.3 267.8
787 807 20 1.2 24
807 921 114 1.14 129.96
921 941 20 1.67 33.4
941 965 24 1.5 36
965 1180 215 1.13 242.95
1180 1200 20 1.33 26.6
1200 1646 446 2 892
1646 1666 20 2 40
1666 1727 61 1.85 112.85
1727 2111 384 1.05 403.2
2111 2131 20 1 20
2131 2493 362 1.44 521.28
2493 2513 20 1.25 25
2513 2927 414 1.73 716.22
2927 3045 118 2.23 263.14
3045 3065 20 2.5 50
3065 3137 72 2.18 156.96
3137 3272 135 2.45 330.75
3272' 3292 20 1.82 36.4
3292 3500 208 1.63 339.04
3500 3697 197 1.41 277.77
3697 3817 120 1.48 177.6
3817 3837 20 1.43 28.6
3837 4175 338 1.75 591.5
4175 4279 111 1.07 118.77
4279 4580 301 1.31 394.31
4580 4600 20 1.33 26.6
4600 4924 324 1.29 417.96
4924 5398 474 1.74 824.76
5398 5418 20 1.67 33.4
5418 5819 401 1.5 601.5
5819 5897 78 1.53 119.34
5897 6249 352 1.4 492.8
6249 6269 20 1.33 26.6
6269 6383 114 1.44 164.16
6383 6627 244 1.48 361.12
6627 6647 20 1.43 28.6
6661 10075.78
AVG. FLOW RATE 1.512653 mUmin
VOLUME 10.6 mL
EBCT 7.01 min
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Test Batch#1- Type I CR -10120 Mesh
Date: 7125/94 - 7126/94
Initial Cone. 4.7
Equilibration Time 24 hrs
Samples Init. Cone. Equil. Cone. C.R. Mass Adsorption Capacity Log of Equil Cone
(mgiL) (gm) (mgXIg CR)
M1
M2
M3
Blank
4.7
4.7
4.7
4.7
1.8
3.2
3.8
4.7
2.5391
0.73133
0.2858
o
0.3426411
0.6153173
_ 0.9447166
0.255272505103
0.50514997832
0.579783596617
Regression Output
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
-0.80159462
0.066179726
0.955205947
3
1
= 10g(K) K = 0.1579
X Coefficient(s)
Std Err of Coef.
1.2714642
0.2753378
= 1/n
q = 0.1579· (Ce **1.27)
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Test: Batch #2 - Type ICR, 40 Mesh, Type II GAC, 12/40 Mesh
Date: CR, 9110194 - 9114/94; GAC, 9110194 - 9116/94
Inilial Cone.
Equilibration TIme
14 ppm
CR-4~; GAC.6d~
Samples Inll. Cone. Equll. Cone C.R. Mass
(mgIL) (gm)
Adsorption Capacity
(mgXIgCR)
LogCo Logq
Blank
ACl
AC2
AC3
AC4
CR40-1
CR40-2
CR40-3
EPA·AC1
EPA-AC2
EPA-AC3
EPA-AC4
14
14
14
14
14
14
14
14
14
7.4
2.6
0.19
0.03
8.2
5.4
2.1
2.2
2.57
3.45
7.27
0.00978
0.01982
0.06544
0.19036
0.2nas
0.67962
2.46089
202.869
In.553'
63.310
22.016
6.3n
3.796
1.451
96
100
105
122
0.869232 2.30n15
0.414973 2.236922
-o.n125 1.8014n
-1.52268 1.342742
0.913814 0.804625
0.732394 0.579354
0.322219 0.181578
Activaled Carbon Crumb Rubber - 40M
Regression 0u1pu1:
Constant
Std ErrofY Est
R Squared
No. of Obsemlllona
Degrees of Freedom
X Cooflielent(s)
SId Err of Coef.
0.4056481
0.0470497
2.01943531
0.06846268
0.97379928
4
2
Constant
SId Err of Y Eat
RSquared
No. 01 0baervatJ0na
Degrees 01 Freedom
X CoeIfIClen1(B)
SId Err of Coef.
Regresslon 0u1put:
1.075325
0.052192
-0.19036
0.02237
0.99765
3
1
q = 104.6 • (Co ...405) q =0.845 • (Co .. 1.075)
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Test: Batch #3, Type I CR·Mesh 10 \Ill. Type II CR· Mesh 10 (treated. untreated)
Date: 1011019410 10114/94
Slartlng Cone. 26 ppm
Equilibration TIme 4 days
LOG LOG
"samples Inil. Cone. Equil. Cone. C.R. Mass Adsorptlon Capacity Equil. Co Ad8oIptio
(mgIL) (gm) (mgXIgCR) Capacity
BL 26 26
BR10204- 26 22 0.06043 19.85768658 1.342423 1.297929
BR10204- 26 15 0.26908 12.2640107 1.176091 1.088633
BR10204- 26 5.9 1.28394 4.696481144 0.n0852 0.671n3
CPIU1 26 21 0.04474 33.527045 1.322219 1.525395
CPIU2 26 14 0.26306 13.685091 1.146128 1.136246
cplU3 26 7 1.32514 4.3014323 0.845008 0.633613CPIT1 26 22 0.07581 15.829046 1.342423 1.199455
CPIT2 26 15 0.26125 12.631579 1.176091 1.101458CPIT3 26 6.1 1.26724 4.7110255 0.78533 0.673115
Baker 10120
Regression OUtput
CPI Untreated
Regression OUtputConstant
SId Err of Y Est
RSquared
No. of Obselvations
Degrees of Freedom
XCoefIicient(s)
SId Err of Coer.
1.083025
0.0516969
-0.16804396
0.021493672
0.99n26667
3
1
Constant
SId Err of Y Est
RSquared
No. of Observations
Degrees of Freedom
XCoefIicient(s)
SId Err of Coer.
1.64762
0.142005
-0.94224
0.046453
0.994128
3
1
q =0.67913 * (Ce .. 1.063)
CPI Treated
q =0.1142 *Ce "1.6476
Regression OUtput
Constant
SId Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
XCoefIicient(s)
SId Err of Coer.
0.9716499
0.1163139
-0.07893747
0.04704169
0.985878265
3
1
q =0.8338 * Ce" 0.9718
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COLUMN TEST-
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APPENDIX E
DATA PRINTOUTS FROM
GEMINI 2360 SURFACE AREA ANALYZER
83
:~:;~....
Gemini 2360 V1.03
Instrument ID:
Sample ID: 1010942
Sample ~eight: 0.3288 g
Measured Free Space: -0.492 cc STP
Analysis Mode: Equilibration
Date: 10/10/94 Time: 11 :03
Saturation Pressure: 760.00 mmHg
Evacuation Time: 0.5 min
Equilibration Time: 5 sec
BET Multipoint Surface Area Report
SUl-face AI-ea:
Slc'pe:
y- I ntel-cep t :
C:
Vm:
Correlation Coefficient:
10 • 14211 sq. mig
25.412632
5.214055
5.873871
121.032651
9.7155e-001
BET Single Point Surface Area: 0.1107 sq. mig
Langmuir Surface Area Report.
SUI-face Area:
Slope:
y- I ntercep t :
C:
I)m:
Correlation Coefficient:
0.9563 sq. mig
4.551920
7.45121008
111.610995
0.219687
8.4691e-001
Total Pore Volume at 0.5007 P/Po:
Analysis Log
0.0001 cclg
Relative
Pressure
~l. 100(2)
0.2002
0.3001
0.4013
!21.5l~07
Pressun;i
(mmHgl
75.97
152.18
228.51
304.98
3Se.51
Vo 1. Adsol-bed
(cc/g STPl
0.008
0.023
0.11135
0.042
111.061
84
Surface Area
POlnt
*
*
*
Gemini 2360 Vl.03
Instrument 10:
Sdmp Ie ID: 101~1941
Sample Weight: 0.3288 9
~leasul-ed Fl'ee Space: -0.516 cc STP
Analysis Mode: Equilibration
Da,:e: 10/10/94 Time: 10:36
Saturation Pressure: ?~0.00 mmHg
Evacuation Time: 0.5 mIn
Equilibration Time: 5 sec
BET Single Point Surface Area: 1°.02381 sq. mig
Total Pore Volume at 0.5007 P/Po:
Analysis Log
0.0001 cc/g
Relative
Pl-,eSSU\-e
i!l. 1l!101
v.1.2v.112l5
(!l. 3L~09
yJ • 4lJr.!\6
0.5Qlln
Pressui-e
(mmHg)
76. 1~'
152.40
228.70
3v.14.43
380.52
Vc.l. Adsorbed
(cc/g STP)
-0.004
0.007
-0.004
0.1!I43
i~ .~168
Surface Area
Point
*
!'.<;~l~·':::'~~~~':i":;
,~-: . "~ - -:':=" 7'"
Gemini 2360 Vl.03
lri9trument 10:
Sarno 1e r0 : 11!t2J9~
Sa,np 1e ~Je 1 gh t: /1~5738 9
Measured Free Space: -1.733 cc STP
AnalysIS Mode: Equilibration
Date: 1121/10/94 Time: 11 :59
Saturation Pressure: 760.00 mmHg
Evacuation Time: 0.5 min
Equilibration Time: 5 sec
Total Pore Volume at 0.5006 P/Po:
Analysis Log
Relative
Pressure
l~. 1l!l00
l~ .2001
QI.3003
0.4004
lZl.5006
PI-eSSUl-e
(mmHg)
75.97
152.08
228.24
304.27
380.46
Vo 1. Adsorbed
(cc/g STP)
-0.008
-0.0113
-0.014
-0.021
-0.023
85
SUI-face Area
Point
." "'-
Gemini 2360 Vl.03
Instrument ID:
Sample ID: 1010943
5ample Weight: 0.5738 g
Measured Free Space: -1.705 =c STP
Analysis Mode: Equilibration
Date: 10/10/94 Time: 11:35
Saturation Pressure: 760.00 mmHg
Evacuation Time: 0.5 min
Equilibration Time: 5 sec
BET Multipoint Surface Area Report
Surface Area:
Slopel
y- I ntel-cep t:
C:
Vm:
Correlation Coefficient:
l-vJ.'i960) sq.
-124. ~136942
101.822655
-0.218166
-0.045016
-6.2890e-001
mIg
BET Single Point Surface Area: 0.0285 sq. mIg
Langmuir Surface Area Report
SUI-face Area:
Slope'i'
V-Intercept:
C:
Vm:
Correlation Coefflcient:
-0.0272 sq. mig
-160.225235
94.129150
-1.702185
-" . 0el6241
-8. 1394e-e101
Tot~l Pore Volume at 0.5007 P/Po:
Analysis Log
0.0000 cclg
Relative
Pl-essure
Pressure
(mmHg)
Vol. Adsorbed
(cc/g STP)
Surface Al-ea
Point
0.0999 75.96 -0.01215
0.2003 152.20 0.003
*
....
0.3lZ108 ~··e28.63 0.11109
*111.4005 304.38 el. '2111
*"l!1.5007 \.lI1 380.52 ~l. :316
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